Abstract Active boundary layer flow control and boundary layer manipulation in the channel flow that was based on low temperature plasma were studied by means of a lattice Boltzmann method. Two plasma actuators were placed in a row to obtain the influence rule of their separation distance on the velocity profile at three locations and maximum velocity in the flow field. Two plasma actuators were placed symmetrically inside a channel to examine the effect of channel height and voltage on the velocity profile and flow rate. It was found that the channel height controls the distribution of flow velocity, which affected the flow rate and its direction. Increasing plasma voltage had a negative effect on the flow rate due to the generation of a larger and stronger flow vortex.
Introduction
Flow control methods have been studied extensively. Most of the methods induced gas or fluid flow by refining the shape of the geometry. Another approach was to create a low-temperature plasma discharge on the surface so as to control the boundary layer actively. Malik [1] employed corona-discharge plasma actuators by placing them on plain surfaces so as to study boundary layer control. For an incoming flow, it was found that plasma can reduce the drag obviously. The difference between plasma flow control and other methods is that the input power is a key factor for plasma actuators, and we can achieve flow control simply and exactly by controlling its input power. Another advantage is that plasma actuators can be used as a motor to drive air flow without an active incoming flow.
Many experiments have been performed by placing low-temperature plasma actuators on wingspans [2−4] . Typically, plasma actuators were placed on a plain surface. When there was an input voltage, air in the vicinity of the actuators was ionized and the air inflow could be accelerated. When air flowed in at 25 m/s freely, approximately 3 m/s of inductive velocity could be obtained. It was found that a symmetrical array will bring drag, while an unsymmetrical array of electrodes that is placed along the surface would bring thrust. A vortex structure induced by a body force and mass transportation bring this phenomenon. A plasma actuator has been used as a plasma synthetic jet actuator [5] and to enhance the lift [6] . The actuator produced a zeronet mass flux jet on actuation. This could be applied in adverse pressure gradient separation control or suction devices.
Numerical simulations on a plasma actuator have also been performed based on theoretical approaches in an attempt for deeper understanding. Roth [7] considered body force as a result of electric field and net charge. Body force was employed as a source item, Suzen and Huang [8, 9] attempted to solve the NavierStokes equation by using this source item. A preliminary lattice-Boltzmann study on active boundary layer flow control by means of a low-temperature surface plasma has been performed [10] . Results revealed interesting effects of various surface plasma parameters on active boundary layer flow control. Other numerical models were employed to simulate low temperature plasma [11−14] , such as the magnet hydro dynamic model, two-temperature model and chemical non-equilibrium model. These model are based on the Navier-Stokes equation. The lattice Boltzmann method did not make for an efficient Navier-Stokes solver [15, 16] . Intermolecular theory was incorporated into collision equations. It allowed interesting physics to be captured for a better description of the truly physical process [17, 18] . However, high velocity flow (u > 0.3 Ma) is a limit for a conventional lattice Boltzmann model. The lattice Boltzmann method is employed in this paper to study the effect of active layer flow control by two plasma actuators placed side by side. We also employ two symmetrically placed plasma actuators in a channel as power to drive air flow.
2 Theoretical model
Plasma actuator model
When input power is applied on a plasma actuator, the generated electric field Φ mainly consists of two parts: φ, the potential difference between the two electrodes, and ϕ, the potential resulting from air ionization:
We further assume that near the surface the charge density is relatively weak and the Debye length is also relatively short. So, near the surface, the primary influence on the charge profile comes from the plasma electric field. Hence, we have
and
where ε r is the relative dielectric constant, ε 0 is the vacuum dielectric constant, and ρ c is the charge density.
The charge density equation of plasma is:
(4) We assume that the plasma distribution agrees with the Boltzmann distribution. In Eq. (4), e is basic charge, n i is ion density of plasma, n e is electron density of plasma, n 0 is plasma density, k is the Boltzmann constant and T is the temperature of the dielectric material.
We hereby acquire body force − → f B as:
− → f B is induced by the charge profile and electric potential within the entire area. Unless otherwise specified, in our calculations, we employ ε 0 = 1.0 for air, ε r = 2.7 for the dielectric material, input AC voltage is 2500 V, and f is 5.0 kHz.
Lattice Boltzmann model
The single relaxation-time lattice Boltzmann equation (LBE) can be written as
is the distribution function; it denotes particle population moving in the direction of e i . τ is the dimensionless relaxation time. f eq i (x, t) is a prescribed equilibrium distribution function. In our simulation, f eq i (x, t) is chosen as:
The D2Q9 model is employed in this paper:
s , while δ x and δ t are the lattice constant and time step size, respectively. c s is the speed of sound in the lattice. The macroscopic density ρ and velocity u can be calculated from the distribution function f i given by
F(x, t) is the external force, we selected τ = ν/c 2 s + 1/2 and c = 1. ν is the kinematic viscosity coefficient.
A nonequilibrium extrapolation scheme is employed in our simulation as the boundary scheme. This scheme is suitable for an open boundary situation and a wall boundary situation.
3 Results and discussion 3.1 Two plasma actuators on a free surface Fig. 1 shows the model of two plasma actuators placed on a free surface with the following parameters: the thickness of electrodes t = 0.01 cm, the separation between two electrodes d = 0.0 cm, the width of electrodes L = 0.5 cm and the depth of electrode embedded in the dielectric material y = 0.01 cm. For our simulation, we assume that there is no fluid flow (u= 0) in the air region. Fig. 2 shows the calculated velocity distribution for a separation distance sd = 0.4 cm. We found that the main region for air acceleration is in the vicinity near the dielectric surface. The effect to accelerate the air becomes more obvious on the top of the first embedded electrode, and u max appears on the top of the second embedded electrode. When the distance away from a free surface is larger than 1.5 cm, the effect of plasma actuators on velocity becomes less obvious. Fig.1 ). Fig. 3(a) -(i) illustrates the effect of distance between plasma actuators on the velocity profiles. From these figures, we find that as the distance sd increases from 0.4 cm to 1.2 cm, the shapes of velocity profiles are nearly the same, and the maximum velocity varies slightly. The maximum velocity u max decreases as sd is increasing, in general. Regardless of fixed locations, in our calculation, maximum velocity u max is the largest velocity component of flow area. More detailed comparisons are summarized in Fig. 4 . It can be seen that as sd changes from 0.4 cm to 1.2 cm, the maximum velocity u max decreases more slowly than it is changed from 0.6 cm to 0.9 cm. The maximum velocity u max decreases slowly again when sd changes from 0.9 cm to 1.2 cm. The effect of separation distance sd applied on u max does not behave linearly. The parameter sd means that when accelerated by the first plasma actuator and flow past a distance sd, air is accelerated again. When sd is shorter, the effect of acceleration is more obvious. However, when sd is too short, it will affect the direction of the discharge between two plasma actuators. As sd increases, because of the viscosity of air, the effect of the first acceleration decreases. Just as Fig. 2 shows, when air passes the first actuator, the air will flow upside. The second actuator should pull air down again to accelerate again.
Two symmetrically placed plasma actuators in a channel
From the previous simulation, we found that the plasma actuator can only drive the air in the vicinity near the dielectric surface flow. Here, we model two plasma actuators inside a channel and the actuators are placed symmetrically so that air can be driven with the possibility to have a superimposed effect. This model is illustrated schematically in Fig. 5 . Two plasma actuators were placed symmetrically in the channel with the same parameters: the thickness of electrodes t = 0.01 cm, the separation between two electrodes d = 0.0 cm, the width of electrodes L = 0.5 cm and the depth of electrode embedded in the dielectric material y = 0.01 cm. h is the height of the channel and is schematically represented in Fig. 5 . In our simulation, we assume that the entrance flow velocity is zero at X = 0. We found that as h increases from 0.4 cm to 1.2 cm, the flow direction changes from left to right and then reverses. Fig. 6(a)-(i) shows the streamlines with different h. The flow direction is from left to right at h = 0.4 cm and 0.5 cm. There exists an h between 0.5 cm and 0.53 cm (see Fig. 8 ) where the flow direction starts to change. The reason for this phenomena is that the channel height has an effect on the distribution of charge density and on the dilation of the vortex. As channel height varies, the distribution of charge density varies. The area and strength of the force affected on the air by plasma will vary. The force on the air and viscosity of air form the structure of the vortex. The structure of the vortex and the area of the vortex in the channel cause the change of flow direction and flow rate. This vortex causes mixing on the air flow instead of driving the flow.
We also examine such an effect on the velocity profile and the results are shown in Fig. 7 , at three different locations after the flow has been stabilized: (1) These velocities are different from the maximum velocity discussed earlier in Fig. 3 . From Fig. 7(a) -(i), we found that the velocity profiles vary slightly when h changes from 0.4 cm to 0.5 cm. At h = 0.6 cm, the velocity appears to be much larger than that at h = 0.4 cm and h = 0.5 cm. The reason for this variation is due to the presence of the vortex and its effect on the flow direction as shown in Fig. 6 . From h = 0.6 cm to 0.7 cm, the maximum velocity at location a increases and at h = 0.8 cm the maximum velocity decreases suddenly. From h = 0.8 cm to 1.2 cm, all of the maximum velocities of the three locations increase. From Fig. 7(a)-(i) , we also find that the vortex affects the flow field. The flow rates at different h values are shown in Fig. 8 . For the purpose of flow rate calculations, we define the channel width as 1 cm. When the flow rate is positive, air flows from left to right, while a negative flow rate implies air flows from right to left. The way the flow rate changes is the same as that in the velocity profile. Flow rates vary only slightly when h changes from 0.4 cm to 0.5 cm. From h = 0.5 cm to 0.6 cm, we have three data points: h = 0.53 cm, 0.55 cm, and 0.58 cm. We found that the flow direction changes at an h value between 0.5 cm and 0.53 cm. From h = 0.55 cm to 0.7 cm, the flow rate increases and at h = 0.8 cm, the flow rate decreases suddenly. Between h = 0.8 cm to 1.2 cm, the flow rate increases again. Here, we attempt to examine the relationship between h, voltage and flow rate. In Fig. 9 , we found that a higher voltage implies a smaller flow rate for all h values examined. It is more obvious at h = 1.2 cm. This can be understood as follows: a higher voltage causes a larger vortex and, as a result, mixing is enhanced but the flow rate is not. 
Conclusion
We have studied the effect of various separation distances between two plasma actuators on the velocity profiles and maximum velocities of an induced flow on a planar surface. It was found that two plasma actuators can significantly increase the induced velocity. We also employed symmetrically placed plasma actuators in the channel to obtain the effect on induced flow. It was found that plasma actuators affected the induced air flow in a channel. The flow direction, however, will change with different heights. The channel height controls the flow rate and its direction. A higher voltage induces a smaller flow rate due to a larger vortex.
